ABSTRACT Background: Previous studies have shown that high fiber intake is associated with lower mortality. However, little is known about the association of dietary fiber with specific causes of death other than cardiovascular disease (CVD). Objective: The aim of this study was to assess the relation between fiber intake, mortality, and cause-specific mortality in a large European prospective study of 452,717 men and women. Design: HRs and 95% CIs were estimated by using Cox proportional hazards models, stratified by age, sex, and center and adjusted for education, smoking, alcohol consumption, BMI, physical activity, total energy intake, and, in women, ever use of menopausal hormone therapy. Results: During a mean follow-up of 12.7 y, a total of 23,582 deaths were recorded. Fiber intake was inversely associated with total mortality (HR per 10-g/d increase : 0.90; 95% CI: 0.88, 0.92); with mortality from circulatory (HR per 10-g/d increase : 0.90 and 0.88 for men and women, respectively), digestive (HR: 0.61 and 0.64), respiratory (HR: 0.77 and 0.62), and non-CVD noncancer inflammatory (HR: 0.85 and 0.80) diseases; and with smoking-related cancers (HR: 0.86 and 0.89) but not with non-smoking-related cancers (HR: 1.05 and 0.97). The associations were more evident for fiber from cereals and vegetables than from fruit. The associations were similar across BMI and physical activity categories but were stronger in smokers and participants who consumed .18 g alcohol/d. Conclusions: Higher fiber intake is associated with lower mortality, particularly from circulatory, digestive, and non-CVD noncancer inflammatory diseases. Our results support current recommendations of high dietary fiber intake for health maintenance.
INTRODUCTION
Of the noncommunicable conditions, cardiovascular disease (CVD) 4 , cancers, diabetes, and respiratory and digestive diseases accounted for .75% of deaths in high-income countries in 2004 (1) . Current evidence indicates that a high dietary fiber intake through regular consumption of whole-grain cereals, legumes, fruit, and vegetables has potential health benefits, particularly for preventing diabetes, CVD, and some cancers (2) . However, little is known about the association of dietary fiber intake with specific causes of death other than CVD and cancer. A higher intake of whole grains, a source of fiber and other potential beneficial nutrients, was found to be associated with a reduced risk of developing non-CVD, noncancer inflammatory diseases in the Iowa Women's Health Study (3) , and a high dietary fiber intake was associated with a reduced risk of death from respiratory and infectious diseases, in addition to CVD and cancer, in the NIH-AARP cohort (4) . These results suggest that the beneficial effects from dietary fiber might not be limited to CVD and cancer.
High dietary fiber intake could promote overall health and be associated with lower mortality through several mechanisms. Fiber-rich foods may benefit weight control because they have a low energy density; dietary fiber is fermented by intestinal bacteria to produce short-chain fatty acids (SCFAs), which influence hepatic insulin sensitivity and lipid synthesis and modulate the intestinal environment (eg, pH) and macronutrient absorption and thus play a role in glycemic control; dietary fiber regulates gut microflora populations and hence influence the metabolism of bile salt, cholesterol, and fatty acids and the inflammatory response (5) (6) (7) (8) .
Previous studies on dietary fiber intake and cause-specific deaths have been conducted in American populations. The European Prospective Investigation into Cancer and Nutrition (EPIC) is a large multicenter prospective cohort study with different dietary patterns across European countries (9) . Previous EPIC analyses showed that plant-based diets rich in fiber were related to increased survival in the elderly (10) , total dietary fiber intake was associated with reduced colorectal cancer risk (11) (12) (13) , and cereal fiber was associated with decreased gastric cancer risk (14) , whereas total dietary fiber intake was not associated with prostate cancer (15) .
The aim of the current study was to assess the relation between total dietary fiber intake and fiber from cereals, vegetables, and fruit and total and cause-specific mortality within EPIC.
SUBJECTS AND METHODS

EPIC cohort
EPIC recruited 518,408 volunteers from 23 centers in 10 countries (Denmark, France, Germany, Greece, Italy, the Netherlands, Norway, Spain, Sweden, and the United Kingdom) between 1992 and 2000. The cohort was described in detail previously (16) . In brief, the study population included volunteers aged ;25-70 y at the time of recruitment. Questionnaires on diet, education, occupation, previous illnesses, alcohol, tobacco consumption, and physical activity were completed by participants, and anthropometric measurements were collected. Individuals who did not complete the questionnaires or were at the extreme ranking of the ratio of energy intake to the estimated energy requirement (17) (top and bottom 1%) were excluded from the analysis (n = 16,824). We further excluded 22,797 participants who had cancer at baseline; 387 participants with missing date of death; and 25,683 participants who reported having a history of at least one of the following diseases at baseline (4370 of whom reported having more than one disease): heart attack (n = 6242), angina (n = 7530), stroke (n = 3715), and diabetes (n = 12,566). The number of participants included in this analysis was 452,717. The study was approved by the Institutional Review Board at the International Agency for Research on Cancer and local ethics committees. Informed consent forms were filled out at each local center.
Diet assessment
Extensive self-administered quantitative dietary questionnaires were used in most centers except in Denmark, Naples, Norway, Umeå, and the United Kingdom, where semiquantitative food-frequency questionnaires were used, and in Malmö, where a modified diet-history method combining a quantitative foodfrequency questionnaire and 7-d menu book (food record) was used (16) . The method for estimating total dietary fiber intake was described previously (9, 18) . In brief, the gravimetric method for estimating total dietary fiber (19) of the Association of Official Analytic Chemists includes soluble and insoluble forms (including lignin) of nonstarch polysaccharides, and resistant starch was used in all countries except Greece and the United Kingdom, where total dietary fiber intake was estimated by using the Englyst method, which includes only nonstarch polysaccharides. Bread, fruit, and vegetables represented the largest food sources of dietary fiber intake in EPIC, but food sources varied considerably between centers (9).
Assessment of endpoints
Mortality data were obtained at the regional or national level (20) . In Denmark, Italy, the Netherlands, Norway, Spain, Sweden, and the United Kingdom, vital status and the causes and the dates of death were ascertained by death indexes, record linkages with cancer registries, and boards of health. Active follow-up by mail or telephone with participants, municipal registries, regional health departments, physicians, and hospitals were adopted in Germany, Greece, and France.
Causes of death were coded according to the International Classification of Diseases, 10th Revision (ICD-10). Because of differences across participating centers in time for reporting causes of death, follow-up dates were truncated at the dates at which .80% of the causes were known, ie, follow-up was truncated at 30 The underlying causes of death were used to estimate the following causes of death (1, 20) : cancer (ICD-10: C00-D48), circulatory (I00-I99), respiratory (J30-J98), digestive (K20-K92), and non-CVD noncancer inflammatory diseases (3, 21) . Cancer deaths were further divided into smoking-related cancers [oral cavity (C01-C06 and C08), oropharynx (C09, C10, and C12-C14), nasopharynx (C11), esophagus (C15), stomach (C16), colon and rectum (C18, C19, and C20), liver (C22), pancreas (C25), nasal cavity and sinuses (C300 and C31), larynx (C32), lung (C34), kidney (C64), bladder (C65 and C67), and myeloid leukemia (C92)] (22) and non-smoking-related cancers (all other cancers). Mortality for external diseases (S00-Y98) was examined as negative control.
Statistical analysis
The HRs and 95% CIs of the relations between total dietary fiber intake and mortality were estimated by using multivariate Cox proportional hazards models. Total dietary fiber and fiber from cereals, fruit, and vegetables were categorized into 5 groups according to the quintiles of the distribution among the whole cohort. The lowest quintile was treated as the reference. The associations with legume fiber were also modeled, but as intakes were low, the results were omitted from the study. The models were adjusted for the following categorical variables: education (none or primary school completed, technical or professional school, secondary school, above secondary school, or not specified), smoking status (never; current 1-15, 16-25, , and ever use of menopausal hormone therapy for women. Models were stratified by age at recruitment in 1-y categories to address the secular trends within center and by study center to control for differences in dietary and lifestyle questionnaires, follow-up procedures, and other center-specific effects. Age was used as the primary time variable in the Cox proportional hazards models. Age at death or at censoring date was used as time variable of end of the study.
Further adjustment for intakes of fish, red meat, and folate did not change the associations materially, so these variables were excluded from the final multivariate models. In analyses of fiber from food sources, each fiber source was mutually adjusted by the others. Pearson partial correlation coefficients adjusted for age at recruitment, sex, and center were as follows: 0.11 between cereal and fruit fibers, 0.06 between cereal and vegetable fibers, and 0.21 between fruit and vegetable fibers. Trend tests were performed by modeling the median values of each fiber category as continuous variables.
To improve the comparability of dietary data across study centers and to partially correct for the effect of diet measurement error in the risk estimates, dietary intakes from 24-h dietary recall in a random sample of the cohort (24, 25) were regressed on the dietary questionnaire intakes by using fixed-effects linear model stratified by center and adjusted for the same list of covariates mentioned above and additionally for the weekday and season of recall (26, 27) . Predicted values obtained from the calibration model were used on a continuous scale in the risk model (28) . A bootstrap sampling procedure with a total of 100 iterations was used to compute corrected SEs for the calibrated parameter estimates (29) . To reduce the probability of reverse causality, the first 2 y of follow-up were excluded. To explore potential effect modification, models were further stratified by smoking (never, former, or current), alcohol consumption (never or former, current 18 g/d, or current .18 g/d), BMI (,18.5, 18.5-24.9, 25-29.9, or 30), and physical activity [inactive (combined inactive and moderately inactive) and active (combined moderately active and active)]. Heterogeneity across categories was assessed by using Cochran's Q test.
Because multiple outcomes were considered, we also modeled the HR by using a competing risk model (deaths from cancer and circulatory, respiratory, and digestive diseases) (30) (31) (32) and compared the risk coefficients and SEs in the subgroups of interest. To further explore the shape of the risk function, we fitted a Cox proportional hazards model with restricted cubic spline regression (33, 34) . We specified 5 knot positions at medians of each quintile and used a total dietary fiber intake of 25 g/d (35) as the reference. The analyses were performed by using SAS 9.1 (SAS Institute Inc). All tests were 2 sided, and statistical significance was assessed at the level of 0.05.
RESULTS
The characteristics of the participants at baseline are shown in Tables 1 and 2. The average age at recruitment was 50.8 6 9.8 y, and women accounted for 71% of participants. Among both men and women, a higher total dietary fiber intake was associated with higher education levels, being a never smoker, and being more physically active.
The mean (6SD) follow-up was 12.7 6 2.4 y, with a total of 4,978,825 person-years. After the first 2 y of follow-up were excluded (1415 deaths), 23,582 deaths were included in the analysis. Total dietary fiber intake was inversely associated with total mortality (HR 28.5 vs ,16.4g/d : 0.76; 95% CI: 0.72, 0.80; P-trend , 0.001; HR per 10-g/d increase : 0.90; 95% CI: 0.88, 0.92; Table 3 ). Calibration strengthened the association (HR per 10-g/d increase : 0.84; 95% CI: 0.80, 0.88). The associations were similar in both men and women, across BMI strata and physical activity categories, but were stronger in smokers and participants with alcohol intake .18 g/d, among both men and women. The inverse association was observed in most countries, although there was evidence of significant heterogeneity in the association of dietary fiber and mortality between countries (P-heterogeneity 1 Participants who reported having a history of heart attack, angina, stroke, or diabetes at baseline were excluded; thus, the percentages were not exactly 20% when the data for men and women were combined.
2 Fiber intakes were rounded to one decimal place. 3 The French and Norwegian cohorts recruited only women.
, 0.001; see Supplemental Figure 1 under "Supplemental data" in the online issue). Spline regression showed that the change in total mortality was more evident when the total dietary fiber intake was ,25 g/d (Figure 1) . In a cause-specific analysis (Table 4) , we observed an inverse association between total dietary fiber intake and risk of death from smoking-related cancers and circulatory, respiratory, digestive, and inflammatory diseases in both men and women. No associations were observed for deaths from external causes and non-smoking-related cancers. The competing risk analysis that considered deaths from cancer and circulatory, respiratory, and digestive diseases confirmed our results (data not shown). There was evidence of effect modification (see Supplemental Tables  1-6 under "Supplemental data" in the online issue) by alcohol drinking for the associations of total dietary fiber intake and mortality from non-smoking-related cancers, by smoking status for mortality from respiratory diseases in both men and women, and by smoking status and alcohol drinking for mortality from non-CVD noncancer inflammatory diseases in men.
The association of fiber from cereals, fruit, and vegetables and all-cause and selected cause-specific mortality is shown in Figure 2 . Cereal fiber was inversely associated with total mortality and with mortality from smoking-related cancers and circulatory, digestive, and non-CVD noncancer inflammatory diseases in men and women. The inverse associations with fiber from vegetables were of similar magnitude, although not always statistically significant, whereas the associations of fiber from fruit were more evident in women than in men.
DISCUSSION
In this large cohort analysis, higher total dietary fiber intakes were associated with lower mortality. Participants with a total dietary fiber intake 28.5 g/d (the highest quintile) had a 24% lower mortality than did those with an intake ,16.4 g/d. In the cause-specific analyses, inverse associations were observed for mortality from smoking-related cancers and circulatory, respiratory, digestive, and non-CVD noncancer inflammatory diseases. The associations between specific sources of fiber and total and cause-specific mortality were generally of similar magnitude for cereal and vegetable fiber in both men and women. No association with fiber from fruit was detected in men but in women fiber from fruit was inversely related with mortality for respiratory diseases and non-CVD noncancer inflammatory diseases.
The wide range of total dietary fiber intake in the EPIC cohort gave us the opportunity to explore the association between total dietary fiber intake and mortality, and separately by fiber sources, and to examine the dose-response relation across a large range of intakes. The large study size provides statistical power to 
TABLE 3
HRs of death (and 95% CIs) by total dietary fiber intake and per 10-g increase in intake The HRs were estimated by using a Cox proportional hazard model. Age was used as the primary time variable in the Cox proportional hazard models. Age at death or at the censoring date was used as the time variable for the end of the study. The models excluded the first 2 y of follow-up and stratified by age at recruitment, sex, and center and adjusted for education (none or primary school completed, technical or professional school, secondary school, longer education, and not specified), smoking (never; current Heterogeneity between men and women.
3
Excludes smoking status unknown.
4
Excludes drinking intensity missing.
5
Excludes physical activity missing. Inactive: combination of inactive and moderately inactive; active: combination of moderately active and active.
6
Further adjusted for ever use of menopausal hormone therapy.
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investigate cause-specific mortality adjusted for the main potential confounders. The prospective design of the study rules out recall bias. One of the limitations of our study was dietary measurement error. The observed associations were strengthened after calibration for partial correction for measurement error. Previous studies suggested that women and obese subjects tend to underreport energy and protein intakes (36) , but this differential reporting does not seem to have influenced our results. The strength of the association between total dietary fiber intake and total mortality was similar in men and women and in different strata of BMI. We excluded the first 2 y of follow-up to reduce the effect of reverse causation (changes in lifestyle after preclinical symptoms). In addition, we excluded participants with selfreported chronic diseases at baseline. As we considered total dietary fiber intake in relation to several causes of death, some of the observed associations may be due to chance.
Our results on total mortality are consistent with previous reports (4, (37) (38) (39) . We observed a 10% lower risk of death per 10-g/d increase in total dietary fiber intake, compared with a 9% lower risk observed in the Zutphen study (37) and a 12% and 15% lower risk among men and women, respectively, in the NIH-AARP cohort (4). The associations did not differ across categories of BMI or physical activity, but they were stronger in smokers and participants in the highest category of alcohol intake (.18 g/d). In our analyses, we had evidence of heterogeneity of results across countries. Differences in questionnaires and methods for estimating fiber intake do not appear to explain the observed heterogeneity. A possible explanation might be that the main sources of total dietary fiber intake differed across countries: the strongest associations were observed in the Danish and Greek cohorts, which also had the highest percentage of fiber from cereals and vegetables (56% and 16% in Denmark and 29% from cereals and 36% from vegetables, respectively, in Greece) in EPIC.
Fiber intake was related to mortality from smoking-related cancers, but was not related to mortality from non-smoking-related cancers. Adjustment for smoking attenuated the association with smoking-related cancers by .10% (see Supplemental Table 1 under "Supplemental data" in the online issue). Although total dietary fiber may have different effects on different sites of cancer (eg, colorectal cancer, included in the smoking-related cancer), it is possible that the observed relation is influenced, at least partially, by residual confounding. Similar confounding and effect modification by smoking were observed in the association between total dietary fiber intake and deaths from respiratory diseases (see Supplemental  Table 4 under "Supplemental data" in the online issue). No association was found between total dietary fiber intake and deaths from respiratory infections (J00-J06, J10-J18, J20-J22, and H65-H66; n = 28 cases; HR per 10-g/d increase : 0.85; 95% CI: 0.40, 1.82).
In agreement with previous studies, we observed an inverse association between total dietary fiber intake and mortality from circulatory diseases (4, 37, 40, 41) . This finding is consistent with the results of clinical trials showing a decrease in LDL-cholesterol concentrations-a major risk factor for circulatory diseases-and a reduction in coronary artery disease incidence by increasing soluble fiber intake (42) . However, such effects were not observed for insoluble fibers in clinical trials (43) .
We also observed an inverse association between total dietary fiber intake and deaths from digestive diseases. The most common 
TABLE 4
Hazard ratios of cause-specific death (and 95% CIs) by quintile of total dietary fiber intake The HRs were estimated by using a Cox proportional hazard model. Age was used as the primary time variable in the Cox proportional hazard models. Age at death or at the censoring date was used as the time variable for the end of the study. The models excluded the first 2 y of follow-up and stratified by age at recruitment, sex, and center and adjusted for education (none or primary school completed, technical or professional school, secondary school, longer education, and not specified), smoking (never; current, Smoking-related cancers (22) include cancers in the oral cavity (C01-C06, C08), oropharynx (C09, C10, and C12-C14), nasopharynx (C11), esophagus (C15), stomach (C16), colon and rectum (C18, C19, and C20), liver (C22), pancreas (C25), nasal cavity and sinuses (C300, C31), larynx (C32), lung (C34), kidney (C64), bladder (C65, C67), and myeloid leukemia (C92).
3
Nonsmoking-related cancers include all other cancers not included in the smoking-related cancers.
4
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cause of deaths from digestive diseases in the current analysis was diseases of the liver (46%). Confounding from alcohol consumption was not apparent (not adjusted for alcohol drinking HR per 10-g/d increase : 0.58; 95% CI: 0.50, 0.68). The inverse association was observed in both men and women who reported moderate drinking (18 g/d) at recruitment (see Supplemental  Table 5 under "Supplemental data" in the online issue). Previous studies on whole grain (3) or fiber (21) intake have reported stronger associations with deaths from non-CVD noncancer inflammatory diseases than from cancer or CVD deaths (3), similar to the results reported herein (Figure 2 ). This finding is consistent with results of cross-sectional analyses, in which total dietary fiber intake was found to be inversely associated with several inflammatory markers in blood, such as C-reactive protein, interleukin-6, and tumor necrosis factor-a (44) (45) (46) . One of the proposed mechanisms that may underlie the associations is the production of SCFAs from the fermentation of dietary fiber in the colon (47) . It is unknown how SCFAs influence systemic inflammation; animal studies have indicated that the changes in gut microbiota after a high-fat diet may increase gut permeability and plasma endotoxin concentrations, which promote a state of chronic systemic inflammation. Dietary fiber supplementation was also found to reduce endotoxin concentrations, which supports the idea that dietary fiber may affect gut microbiota and as a consequence reduce systemic inflammation (47) (48) (49) (50) .
Because the association of dietary fiber intake with mortality was stronger in smokers and participants in the highest category of alcohol intake (.18 g/d), it is possible that part of the association is not explained by an effect of dietary fiber itself but that dietary fiber acts as a marker of other exposures related to health. For instance, whole grain is a main source of cereal fiber, but may also provide compounds with health benefits, such as magnesium or zinc. It is possible that these compounds are the major contributors in inflammation modulation instead of cereal fiber (51) . The same argument could apply to fiber from vegetables. In our analyses, further adjustment for magnesium or vegetable intakes did not change the associations. Smoking can be a confounder for the association between total dietary fiber intake and mortality from smoking-related cancers and respiratory diseases. However, smoking-adjusted and -unadjusted risk estimates were similar in the association between total dietary fiber intake and mortality from digestive diseases, and an inverse association was also observed in never smokers. Total dietary fiber intake could be a marker of overall dietary patterns or lifestyles (52) (53) (54) (55) ; however, because we carefully adjusted for the main potential lifestyle confounders it is unlikely that the observed associations were entirely the result of residual confounding.
In conclusion, although we cannot rule out residual confounding from smoking on the smoking-related cancer and respiratory disease deaths, our results are generally in line with FIGURE 2. HRs and 95% CIs of total death and cause-specific deaths per 5-g/d increase in fiber intake in men (A) and women (B). The HRs were estimated by using a Cox proportional hazard model. Age was used as the primary time variable in the Cox proportional hazard models. Age at death or at censoring date was used as time variable of end of the study. The models excluded the first 2 y of follow-up and stratified by age at recruitment, sex, and center and adjusted for education (none or primary school completed, technical or professional school, secondary school, longer education, and not specified), smoking (never; current 1-15, 16-25, or 26 cigarettes/d; former quit 10, 11-20, or 20 y; current pipe or cigar occasional, current/former missing, or unknown), alcohol consumption (never or former; current 6, .6-18, .18-30, .30-60, or .60 g/d; or missing), BMI (in kg/m 2 : ,18.5, 18.5-24.9, 25-29.9, or 30), physical activity (based on the Cambridge/Bilthoven Physical Activity Index: inactive, moderately inactive, moderately active, active, or missing), total energy intake (kcal/d), other sources of fiber intake, and ever use of menopausal hormone therapy for women.
a Further adjusted for ever use of menopausal hormone therapy. The x axis refers to HRs. previous studies (3, 4, (37) (38) (39) (40) (41) . We observed inverse associations between total dietary fiber intake and mortality, and specifically mortality from circulatory, digestive, and non-CVD noncancer inflammatory diseases. These results show that high fiber intake, mainly from cereals and vegetables, may reduce the risk of death from these diseases.
